The aim of this study was to investigate the effect of excessive mechanical load caused by obesity on the inspiratory muscle performance in obese men at rest.
Introduction
The respiratory complications of obesity (body mass index (BMI)Z30) are well known and include a range of mechanical constraints, such as decreased chest wall compliance, increased respiratory resistance, increased work of breathing, reduced lung volume, sleep apnea and hypoventilation syndrome. [1] [2] [3] [4] [5] The most prominent change in respiratory function in obesity is a reduction in functional residual capacity (FRC) due to the effect of the abdominal contents on the position of the diaphragm. 4 This implies a reduction in expiratory residual volume (ERV), which is often so marked that FRC can approach the residual volume (RV). Consequently, the excessive mechanical load caused by obesity places a great burden on the respiratory muscles, leading to hypoventilation. 6 Hence, in light of the abnormal gas exchange and mechanical load, an obese patient must generate more negative intrathoracic pressure than a nonobese individual when attempting to achieve adequate ventilation. Obesity has also been related to increased airway resistance. This can be explained (at least in part) by the fact that, at low lung volumes and with increased elastic tension, there is a decrease in the diameter of the small airways (a normal forced expiratory volume in 1 s (FEV 1 ) to forced vital capacity (FVC) ratio) and thus a corresponding increase in resistance. This characteristic is most pronounced in the presence of obesity hypoventilation syndrome (OHS). 7 This functional situation requires more work to overcome the elastic and resistive forces, and thus leads to greater oxygen consumption by the respiratory muscles (Vo 2RES ). Kress et al 8 demonstrated that obesity is associated with a substantial increase in Vo 2RES during quiet breathing, compared with healthy controls. The increased energy expenditure in obesity suggests a limited ventilatory reserve that may predispose obese patients to respiratory failure. In theory, increased loading could either have a training effect or (if the burden of concurrent disease becomes very great) cause fatigue. Inspiratory and expiratory muscle strength is normal in seated patients with simple, morbid obesity. 9 Maximal inspiratory pressure decreases by about half when patients are supine. The decrease probably results from overstretching of the diaphragm, causing the latter to operate on the descending limb of its length-tension curve.
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The tension-time index of the diaphragm (T Tdi , introduced by Bellemare and Grassino) 11, 12 can be used to predict the onset of diaphragm fatigue. However, the technique is invasive and requires the setting up of esophageal and gastric balloons, making it difficult to use for the routine assessment of diaphragm fatigue. Furthermore, in obese subjects, the contribution of the inspiratory rib cage muscles (IRCMs) increases, and the T Tdi measurement does not take into account the fatigue of inspiratory muscles other than the diaphragm. 3 Hence, Ramonatxo et al 13 proposed a new tension-time index of inspiratory muscles (T Tmus , based on mouth occlusion pressure) that is noninvasive and easy to use from a technical standpoint. Since obese subjects are at risk of respiratory muscle fatigue due to a reduction in total respiratory compliance and an increase in total work of breathing, we hypothesized that such subjects would be predisposed to development of respiratory muscle fatigue at rest, as assessed by T Tmus . Obese subjects (4876 y) had no history of obstructive sleep apnea, lung disease or any other serious illness, and they did not currently smoke and were clinically stable at the time of evaluation. The control group consisted of 10 sedentary male subjects (44712 y) with no history of cardiovascular or pulmonary disease or smoking.
Methods

Subjects
Spirographic measurement
Spirometric tests were performed using a CPX/D System (Medical Graphics Corp.,St Paul, MN, USA), with flow measurement carried out using a calibrated pneumotachograph (Fleish,Lausanne, Switzerland). The subject completed at least three acceptable maximal forced expiratory maneuvers; technical procedures, acceptability and reproducibility criteria were those recommended by the American thoracic society.
14 FVC, FEV 1 and peak expiratory flow (PEF) were recorded at body temperature and ambient pressure, and saturated with water vapor (BTPS). Predictive values were taken from the European Community for Steel and Coal. 15 Occlusion pressure and ventilation The subjects were asked to breathe quietly, with the nose occluded, through a mouthpiece connected to the pneumotachograph (Fleish,Lausanne, Switzerland) with a two-way low-resistance breathing valve (0.9 cmH 2 O/l À1 s, dead space of 50 ml, model 9340 occlusion valve, Hans Rudolph Inc., Kansas City, Missouri, USA). During the exhalation phase of breathing, a balloon was rapidly inflated in the inspiratory limb of the breathing circuit to occlude the subsequent inspiratory flow. It was closed during expiration and automatically opened about 150 ms after the onset of the subsequent inspiration. Occlusion pressure (P 0.1 ) was measured with a differential pressure transducer (Druck, LPM 9000 series, 750 cmH 2 O, Leicester, UK). The balloon was inflated with helium from a small gas cylinder, and the valve was controlled manually with a small switch. The subject was asked to continue to breathe normally despite the occlusions. After this maneuvre was repeated 10-15 times over a period of 3 min, testing was completed. The subject wore headphones and listened to music to dampen any noise from the switching device controlling the balloon, and could see neither the occlusion valve nor the operator, and therefore was unable to the anticipate airway occlusion and change her respiratory pattern. The analysis portion of the computer program displayed flow, volume and pressure waveforms values. The Labview interface (Labview, National Instruments Corporation, Austin, TX, USA) which provided a visual feedback was used to identify the onset of inspiration (where pressure crossed 0 cmH 2 O). Mouth occlusion pressure was measured at the mouth 100 ms after the onset of inspiration. Inspiratory time (T I ) and total time (T TOT ) were measured for the breath immediately preceding the occlusion maneuver. The valve was connected by the expiratory circuit to a breath-by-breath automated exercise metabolic system (CPX, Medical Graphics Corp., MN, USA). Expired gases were analyzed for oxygen with a zirconia solid electrolyte analyser, and for carbon dioxide with an infrared analyser. The CPX continuously measured oxygen uptake, carbon dioxide output and respiratory exchange ratio. Before each test, the gas analysers were calibrated with two gas mixtures of 16% O 2 and 4% CO 2 . The data were averaged during the last 20 s of each load over an integral number of breaths.
The subjects, seated in comfort, breathing quietly during 2-3 min. After a stable respiratory ratio was attained, the following parameters were determined from an average of 30 s during 5 min: oxygen uptake ( .
, tidal volume (V T ), breathing frequency (f), inspiratory time (T I ), expiratory time (T E ) and total time of respiratory cycle (T TOT ).
Maximal inspiratory pressure
At rest, maximal inspiratory pressure (P Imax ) was measured at the FRC on seated subjects, with a differential pressure transducer (Druck, LPM 9000 series, 7350 cmH 2 O, Leicester, UK) using the technique of Black and Hyatt. 16 Subjects were asked to perform a maximal inspiratory effort against an occluded airway and to maintain it for at least 1 s. Maneuvers
Noninvasive assessment of the tension-time index M Chlif et al were made until three technically satisfactory and reproducible measurements were obtained (variation o10%). The best score was kept for analysis.
Experimental design
After the lung function measurements, the normal subjects and patients with obesity underwent tests with pressure measurements. Measurements were performed in the sitting position. After they had been accustomed to the experimental equipment (mouthpiece and nose clips), and the respiratory ratio was stable, ventilatory and pressure parameters were recorded for 5 min. At least 10 occlusions were then performed in each subject, at the rate of 2-3 per min. During another 5-min period, the measurements were repeated. The subjects performed the P Imax after a 5-min period.
Derived parameters
We calculated T Tmus from the following equation (P I / P Imax Â T I /T TOT ). According to Gaultier et al 17 
Results
Mean anthropometric characteristics and Spirometric data of the obese subjects and control group are presented in Table 1 . There were no significant differences between the groups in age and height. However, weight and BMI were significantly higher (Po0.001) in obese subjects. Both FEV 1 (% predicted) and FVC (% predicted) were significantly reduced in subjects with obesity compared to controls (Po0.001), but Tiffeneau's ratio FEV 1 /FVC (% predicted) and PEF were not significantly different.
Mean values for breathing pattern and inspiratory muscle performance are reported in Table 2 . Duty cycle (T I /T TOT ) and calculated mean inspiratory pressure (P I ) were significantly higher in the obese group than in control groups. P 0.1 was significantly higher in the obese group than in controls (Po0.001). The obese group had significantly lower maximal inspiratory pressure (P Imax ) than controls (Po0.001). The calculated values for P I /P Imax and mean T Tmus were significantly higher in obese groups than in controls (Po0.001 for both comparisons).
Mean T Tmus was greater in obese subjects than controls (0.13670.003 vs 0.04570.01), with a range from 0.102 to 0.184 in obese and from 0.024 to 0.067 in controls. Figure 1 shows the individual relationships between T I /T TOT and P I / P Imax in both group. Each isopleth represents a single value of T Tmus , with higher isopleths representing increased likelihood of fatigue or fatigue potential. Figure 1 demonstrates clearly that obese subjects have higher T Tmus but were far from the fatigue threshold of 0.33, above which inspiratory muscle fatigue may occur. In the present study, we found a significant negative relationship between P Imax and BMI (r ¼ À0.74, Po0.001), a significant positive correlation between T Tmus and BMI (r ¼ 0.80, Po0.001), and a significant negative correlation between T Tmus and FEV 1 (% predicted) (r ¼ À0.85, Po0.001). Noninvasive assessment of the tension-time index M Chlif et al
Discussion
The principal finding in this study is that T Tmus , a noninvasive index assessing inspiratory muscle fatigue, was significantly higher at rest in obese subjects, compared with controls. Here, T Tmus was used to assess inspiratory muscle fatigue at rest in obese individuals. Use of this particular tension-time index has a number of advantages relative to the T Tdi introduced by Bellemare and Grassino, 11, 12 which can be used to predict the onset of diaphragm fatigue only. The latter index (T Tdi ¼ Pdi/Pdi max Â T I /T TOT ) takes into account the mean pressure developed by the diaphragm (Pdi) in relation to its maximal capacity (Pdi max ) and the duty cycle (T I /T TOT ). The technique is invasive and requires the setting up of esophageal and gastric balloonsFmaking it difficult to use for the routine assessment of diaphragm fatigue. In contrast, T Tmus represents the overall, inspiratory muscle activity. In obese subjects, the IRCMs make a greater contribution to breathing. 3 It is thus useful to take IRCM fatigue into account when seeking to assess the overall inspiratory muscle activity in obese subjects. The T Tmus method simply requires knowledge of the mouth occlusion pressure, and thus dispenses with the need for gastric and esophageal balloons. Thus, it has the advantage of being noninvasive and can be used easily in a large number of subjects (ie routine, clinical assessment of both healthy individuals and patients). T Tmus has been studied in adults with chronic obstructive pulmonary disease 13 (COPD), as well as in patients with quadriplegia 18 and chronic congestive heart failure. 19 To the best of our knowledge, there have been no studies assessing T Tmus in obese subjects. Obesity may predispose subjects to development of respiratory failure for a variety of reasons. Sharp et al 20 found that obese subjects show reduced total respiratory compliance and increased total work of breathing. Obese subjects without hypoventilation compensate for the rise in respiratory load by doubling their respiratory drive and diaphragmatic pressure output and by increasing the rib cage contribution to tidal breathing: they breath rapidly and shallowly. 21 Consequently, the oxygen cost of respiration is greater and the efficiency of the respiratory muscle is lower in obese subjects, compared to healthy individuals. Our findings demonstrated that the T Tmus noninvasive tension-time index for all inspiratory muscles was higher in obese subjects, compared with healthy subjects. However, these obese individuals were far from the proposed fatigue threshold for T Tmus (0.33). 13 The increase in T Tmus (Po0.001)
resulted from an increase in the P I /P Imax (Po0.001) pressure parameters and in T I /T TOT (Po0.01). Obese subjects tended to show a lower maximal force reserve (as assessed by P Imax ), even when expressed as a percentage of the predicted P Imax generated at the same lung volume (7072 vs 119718 cmH 2 O). The reduction in inspiratory muscle strength indicated by P Imax values confirms earlier reports. [22] [23] [24] P Imax is an indicator of inspiratory muscle strength and a determinant of vital capacity (VC). 25 A severe decline in inspiratory muscle strength can lead to impaired airway clearance and inadequate ventilation. 26 Farkas et al 27 have demonstrated that in the Zucker 'fatty' rat (the most frequently studied animal model of obesity), the overall proportion of oxidative fibers (types I and IIa) increases, as do diaphragm thickness and mass. Despite these changes, the diaphragm's mean force-generating capacity (indexed to its cross-sectional area) is 15% lower than in lean litter mates. Our results showed a negative correlation between P Imax and BMI (r ¼ À0.74, Po0.001), suggesting a respiratory muscle weakness that might well contribute to the dyspnea commonly shown in obese subjects. 28 Thus, when the weakened muscles fail to generate sufficient tension, the respiratory system detects this weakness and increases the central ventilatory drive and, in particular, the occlusion pressure (P 0.1 ). These findings point to a relationship between decreased inspiratory muscle strength and increased inspiratory motor drive. Therefore, it seems that reduced respiratory muscle strength increases inspiratory motor drive, which in turn results in an increase in respiratory sensitivity. 29 Occlusion pressure is the pressure generated in the airway by contraction of inspiratory muscles when the airway has been occluded at end-expiration. P 0.1 was introduced so as to distinguish hypoventilation due to high pulmonary resistance or elastance from hypoventilation due to respiratory pump failure (as seen in obese subjects). 30 Occlusion pressure (P 0.1 ) was higher in obese individuals (2.5170.27 vs 1.3270.13 cmH 2 O). Thus, since the translation of neural drive into inspiratory driving pressure is modulated by lung volume, obese patients (who breath at low lung volumes, that is, with a reduced FRC) improve the effectiveness of the inspiratory muscles as pressure generators. 32 This result Noninvasive assessment of the tension-time index M Chlif et al indicates that, in obese subjects, the load imposed by excessive adipose tissue in the chest wall has to be counterbalanced by an increase in neural drive and, consequently, in occlusion pressure. Hence, the major factor determining inspiratory muscle weakness is the magnitude of the inspiratory pressure demand (P I ) to maximal inspiratory pressure ratio (P Imax ). This relationship reflects a balance between the magnitude of the respiratory load and the muscle strength available to confront it. 33 We found a marked difference in P I /P Imax ratio (%) between the obese and control groups (3170.06 vs 1170.03%, respectively). The greater inspiratory demand (in relation to the inspiratory reserve) explains the higher T Tmus in obese subjects. This result indicates reduced efficiency of the inspiratory muscle, which may then lead to greater energy demand and thus to a greater risk of inspiratory muscle weakness. Our results also showed a significant positive correlation between T Tmus and BMI, and a significant negative correlation between T Tmus and FEV 1 . Carey et al 5 reported that obese subjects with a normal Tiffeneau ratio (FEV 1 /FVC) display a decline in FEV 1 .
The effects are stronger in male subjectsFprobably due to the greater relative increase in abdominal fat in men. It is suggested that the main consequence of an increased burden on the chest wall (resulting from a greater adipose mass) is a reduction in chest wall compliance, making inspiration increasingly difficult and resulting in lower static volumes and flows. This result demonstrates the inspiratory muscle weakness in obese subjects. In order to compensate for the pressure increase linked to abdominal fat, obese patients increase neural drive to ensure normal ventilation: they breathe rapidly and shallowly, which reduces muscle efficiency. 34 Rapid, shallow breathing (characterized by a high breathing rate (1773 vs 1072) and low tidal volume (0.6270.16 vs 0.8170.08)) are commonly developed in progressive respiratory failure or in unsuccessful attempts to wean patients off mechanical ventilation. These conditions are associated with an increased ventilatory load and/or a reduced respiratory muscle capacity, and may therefore potentially lead to respiratory muscle weakness. 15 Bellemare and Grassino 11, 12 have demonstrated that healthy subjects and COPD patients adopt a breathing strategy which delays respiratory muscle fatigue by decreasing the duty cycle (T I /T TOT ) when inspiratory demand increases. In contrast, the obese subjects in the present study had a mean T I /T TOT value (0.4370.03) which was significantly higher than the value found in controls (0.3970.02). Thus, the shorter duty cycle in obese subjects (a decrease in expiratory time) is associated with an increase in the mean inspiratory pressure to maximum pressure ratio, and T Tmus increases as a consequence.
In the present study, T Tmus was lower than 0.1 for all subjects in the control group and greater than 0.1 for all obese subjects. However, the observed T Tmus values remain far from the threshold fatigue of 0.33 described by Ramonatxo et al 13 as a value above which inspiratory muscle fatigue may occur (Figure 1) .
Nevertheless, the interpretation of T Tmus values observed in this study may be limited to the experimental procedure used. Firstly, the maximal inspiratory pressure test is volitional and requires full cooperation. Accordingly, an apparently low result may sometimes be due to lack of motivation, and does not necessarily indicate reduced inspiratory or expiratory muscle strength. However, because the encouragement procedure was standardized and the technique for assessing T Tmus was the same for both groups, T Tmus values obtained represent a valid index for comparing obese subjects to controls. We recommend using the sniff test or phrenic nerve stimulation in future work in this area. Secondly, P 0.1 can also be partially accounted for by relaxation of the expiratory muscles. 30 The difference between inspiratory muscle contraction and expiratory muscle relaxation cannot be inferred from mouth occlusion pressure changes: this, therefore, represents an additional factor for potentially influencing the mean inspiratory pressure P I . For instance, the noninvasive measurement of P I and P Imax may underestimate the true value of T Tmus . Finally, in our investigation, sleep studies were not performed in order to confirm the presence or the absence of obstructive sleep apnea in obese subjects. In forthcoming population studies, we plan to carry out polysomnographic analysis and invasive measurement of blood gas measurement, given that obstructive sleep apnoea may influence respiratory muscle efficiency in obese subject and thus T Tmus values observed.
In conclusion, the main result of this study was that T Tmus differs between obese and control groups, and that a higher tension-time index may predispose obese individuals to inspiratory muscle fatigue. The ability of T Tmus to predict this type of deterioration may enable the earlier introduction of therapies for preventing or slowing a transition into respiratory failure.
